Abstract -In this paper, the application of the chained function polynomials to the design of low-cost microwave band-pass filters is presented. The chained function concept provides a variety of transfer functions to choose from, each one having different characteristics and different implementation requirements. Thus, reduced sensitivity to manufacturing tolerances can be achieved by selecting the appropriate transfer function for a given manufacturing technology. The achieved reduction is confirmed experimentaly at millimetre-wave frequencies, using parallel-coupled line band-pass filter designs manufactured using standard PCB etching techniques.
I. INTRODUCTION
Most microwave and millimetre-wave band-pass filters currently being designed and manufactured are of the Chebyshev family. This class of filter produces the best out-of-band rejection for an equiripple pass-band response with a given filter order. Using Chebyshev transfer functions, however, once the appropriate function has been identified, it will require a specific manufacturing tolerance and a specific unloaded-Q for the individual resonators. These can not be changed or modified. In particular, an important consideration for achieving a first-pass result with this family of filters is the relative frequency separation of the return-loss zeros. For high-order narrowband filters (e.g. 6bor-der or higher) the relative frequency separation be comes extremely small and, therefore, a very accurate manufacturing process needs to be employed. It is known that the smaller the separation of the return-loss zeros the higher the sensitivity to any structural parameter variation. On the other hand, any variation in the fabrication process will result in deviation of the circuit's response. Thus, postmanufacturing techniques need to be used to account for this effect and return the filter's response back to the target response.
One way to overcome this problem is to address the limitations of the available manufacturing technology and the filter sensitivity to this process, at the approximation stage [1] [2] . This can be achieved by emulating the target filter specifications by a transfer function having a slightly higher order but with much lower sensitivity. This results in a new filter family, Chained Function filters.
II. CHAINED FUNCTION POLYNOMIALS
It is well known that that a convenient representation to the approximation of rational transfer functions may have the form [3] (2) where, n ,k,is the order of the k"seed function. The overall order of the filter, nT, is given by the (l) sum of the degrees of the constituent functions as:
k-l There are many different possible combinations of seed function orders that could satisfy equation (3) for the same value of nT. In fact, the number of possible seed function combinations, SFC I, can be expressed as [2] :
SECnT -P (nT) (4) where, P(n) is the partition function, which gives the number of unrestricted decompositions of the integer number n Tas a sum of smaller integers, n, without regard to the order. For example, there are 7 different ways of expressing a 5thorder chained function filter, since P (5) = 7, as [2] :
Thus, a 5h order filter can either be formed by chaining a 3r order with a 2 order seed function or by chaining a squared 2iorder (i.e. 2+2) with a 1'torder seed function, etc. The number of possible chained functions, for common filter orders, can be seen in Table 1 [2]. For the seed functions, generalised Chebyshev functions can be used, as well as any other known polynomial approximation, depending upon the application. It is evident, from equation (4), that the chained function concept does provide a variety of transfer functions to choose from, each one having different characteristics and different implementation requirements [2] . This degree of flexibility is not available when using the conventional Chebyshev approximation. This feature, however, comes at a price. When emulating conventional highorder Chebyshev filters, with chained functions, in order to achieve the same level of out-of-band rejection the total order of the chained function needs to be slightly increased. It can be shown that by increasing the overall filter order by one then this is usually sufficient in most cases of practical interest [2] .
III. FABRICATION TOLERANCE EFFECTS
The ABCD parameters for various chained function filters were calculated, using an equivalent circuit [4] As can be seen in Fig. 1(a) , the return-loss responses of the conventional Chebyshev filter departs from its minimum target level by approximately 5 dB at its best (marked in the graph as the Monte-Carlo margin), while the worst-case was calculated to deviate by approximately 15 dB. However, the calculated responses for the chained function filter are much better, despite the fact that its is of higher order. Here, the calculated worst-case response deviated by approximately 5 dB from its minimum target level, while the calculated bestcase responses will stay almost within the requirements, as can be seen in Fig. 1(b) . The MonteCarlo return-loss margin is useful for compensating the degradation in worst-case performance [2] .
IV. MEASURED RESULTS
It is known that one of the circuits that appears to be most susceptible to fabrication errors is the popular parallel-coupled line band-pass filter [5] . To demonstrate the benefits gained by the use of the chained functions two chained function parallel-coupled line band-pass filters where manufactured, tested and compared against the conventional Chebyshev counterparts. The first filter tested, was a 4horder conventional Chebyshev filter. The centre frequency of the filter was chosen to be 27.5 GHz, with a fractional bandwidth of the order of 5%. This was compared with a 4'h(squared 2"dorder seed function) chained function filter having the same frequency specifications.
The second filter tested, was a 5'horder conventional Chebyshev filter. The centre frequency of this filter was chosen to be 37 GHz, with a fractional bandwidth of the order of 5%. This was compared with a 6h order (cubed 2nd order seed function) chained function filter having the same frequency specifications.
The Rogers R04003 laminate was used, having a dielectric constant of 3.38, substrate thickness of 0.2 mm and a maximum dissipation factor of the order of 0.035. The filters were fabricated using standard PCB etching techniques. The microstrip patterns were printed on an overhead projector transparency using a standard 600-dpi laser printer. This was then used as a mask in conjunction with photolithography. Standard PCB chemical etching was used. Microphotographs of the first and middle sections of the manufactured filters can be seen in Fig. 2 . Microphotographs of the 5'horder conventional Chebyshev filter and the 6h order chained function filter can be seen in Fig. 3 . A comparison of the measured responses for the conventional 4h order Chebyshev and the squared 2nd order chained function and filters is shown in Fig. 4 . It can be seen that the chained function filter maintains the target return-loss while the conventional Chebyshev filter fails to do so. A comparison of the measured respo conventional 5h order Chebyshev and 2d order chained function filters is shc 5. Again, it can be seen that the chaii filter maintains the target return-loss fact that it is of higher order. The application of a new family of filter transfer functions, called Chained Function filters, to the fabrication of low-cost microwave band-pass filters has been demonstrated in practice. The advantage of this new filter family is the ability to produce a variety of transfer functions, having the same order but different characteristics and different implementation requirements. Thus, reduced sensitivity to manufacturing tolerances can be achieved, while maintaining an out-of-band rejection performance that is comparable with conventional Chebyshev filters. The achieved reduced sensitivity has been demonstarted using 27.5 GHz and 37 GHz parallelcoupled line band-pass filters manufactured using standard PCB etching techniques. Chained function filters can be use to extend the state-of-the-art in tuningless filter implementations towards higher frequencies and smaller fractional bandwidths or, alternatively, to lower the accuracy and manufacturing cost requirements for a given set of filter specifications.
